In the present study, CFD simulation with delayed detached eddy simulation (DDES) is performed to investigate an open cavity at Mach 0.85. A clean cavity and cavity with passive and active control methods, including sawtooth spoiler, flat-top spoiler, crossflow rod, and steady leading edge blowing, are analyzed. The results obtained from all the control methods are compared with clean cavity, and all the flow control methods show positive effect on the overall sound pressure level reduction with the decrement up to 8 dB. The effect of active control on sound pressure level in the cavity is much better than that of passive control, with the magnitude of tone noise decreasing by 20-30 dB. The main focus of this investigation is to test the noise suppression effect by passive and active control methods.
Introduction
Combat aircraft such as J-20 and F-22 are now facing a big challenge, which is an aeroacoustic resonance phenomenon occurring on a weapon bay [1] . The weapon bay as shown in Figure 1 is an open cavity structure and usually has a length-to-depth ratio of 4~6. The flowfields inside the cavity present an intense unsteady process with tens of thousands of vortexes impacting with each other causing an energy exchange. The resonance arises from the cavity which leads aeroacoustic noise generated from the cavity with the level up to 170 dB. The tone noise potentially causes structural damage and failure of electronic equipment.
The research on cavity aeroacoustic mainly focuses on the mechanism of a cavity with different configurations and control effectiveness including active and passive methods. Some research into the mechanism of cavity flow and methods to improve the cavity environment has been undertaken. Zhang et al. [2] carried out wind tunnel tests and CFD analysis on cavities with different sizes. Chung [3] studied the cavity flow under different Mach numbers. The passive con-trol methods involve manipulating the cavity geometry by adding external devices to deliberately alter the flow inside the cavity. Shaw [4] conducted a full-scale fly test on the cavity of F-111 under Mach number from 0.7 to 1.4 with three kinds of passive control methods verified. Liu and Tong [5] performed simulation on a clean cavity to investigate the effect of two kinds of spoilers at the leading edge of the cavity. The second type, known as active flow control, involves altering the flow within the cavity through the addition of devices that require external energy input. Schmit and Raman [6] compared the effectiveness of zero-low-and high-frequency flow control methodologies when applied to a generic weapon bay cavity. Yang et al. [7] investigated the suppression effect of zero-net-mass-flux jet on aerodynamic noise inside open cavities.
In this paper, three kinds of passive control devices, sawtooth spoiler, flat-top spoiler, and crossflow rod, were simulated using delayed detached eddy simulation. The active flow control methods which were steady leading edge blowing with two blowing rates were also studied to investigate the aeroacoustic noise inside the cavity.
DDES
The aerodynamic noise problem is caused by the impact of a multiscale vortex inside the cavity in essence. It is particularly critical to accurately simulate the vortex structure, especially the vortex near the shear layer. Because of time-averaged treatment of the flowfields, the Reynolds-averaged Navier-Stokes method (RANS) cannot simulate the vortex structures of all scales so it is impossible to accurately predict the sound pressure level inside the cavity. Although the vortex structures of various scales in the cavity can be well simulated by large eddy simulation (LES), the research of Li. et al. [8] shows that the cost of LES in the region of the boundary layer or shear layer is too high under the condition of the high Reynolds number. This research followed the methods of Liu and Tong [9] in 2014. Detached eddy simulation (DES) as a hybrid of RANS and LES [10] has high prediction accuracy for large-scale separation while having low requirements for computation cost. In the previous study [9] , the DES method was verified on a clean cavity and the accuracy was acceptable by comparing with the experiment.
The one-equation Spalart-Allmaras (S-A) model can be written as
where the dissipation is defined as
and the production term
whereν is the turbulence variable and ν is the kinematic viscosity. σ, C b1 , C b2 , and κ are constants. The vorticity variable is given byΩ = jΩj + ðν/κ 2 d 2 Þf v2 . Functions f w and f v2 are defined to induce turbulence viscosity near the wall. d refers to the distance from the wall.
When we turn this standard S-A model to DES, d in equation (2) will be replaced bỹ
The empirical constant C DES has a value of 0.65. L g is a grid length scale and defined as
where Δx, Δy, and Δz are the local grid lengths. As a consequence, the RANS method based on the one-equation S-A model will be adopted in the region near the wall including the whole boundary layer asd = d. When the region is far from the wall,d = C DES L g , the dissipation will be determined by the local grid length. Once the dissipation term and production term reach a balance, it is found from equation (1) thatν is in direct proportion toΩd 2 , that is,
Equation (6) has the same characteristic with the model defined by Smagorinsky [11] as a subgrid scale model used in the LES method. For a typical RANS grid with a high aspect ratio in the boundary layer, the wall-parallel grid spacing usually exceeds the boundary layer thickness, so equation (5) will ensure that the DES model is in the RANS mode for the entire boundary layer. However, in case of a dense grid in all directions, the DES limiter can activate the LES mode inside the boundary layer, where the grid is not fine enough to sustain LES requirement. Therefore, a new formulation called delayed detached eddy simulation (DDES) is presented to preserve the RANS mode throughout the boundary layer.
The length scaled in DDES is redefined as
where f d is given by
where r d can be considered the ratio of the turbulence length scale and the wall distance. f d is designed to be 1 in the LES region where r d ≪ 1 and f d = 0 elsewhere. As a consequence, when flows transport from a region with a large value of eddy viscosity into a region of relatively small strain, this could cause the DDES model to switch the mode early than DES which means a transition from LES to RANS mode away from the body.
Test Cases
The experimental data used to validate the numerical results on a clean cavity are provided by Foster et al. [12] in 1991 at DERA, Bedford, UK. The clean cavity called the M219 cavity [13] has an aspect ratio of L : D : W = 5 : 1 : 1 with 10 The configuration of the clean cavity and three kinds of passive control devices, sawtooth spoiler, flat-top spoiler, and crossflow rod, is shown in Figure 2 . According to Smith et al. [14] , the height of the three devices is set to 40 percent of the boundary layer, which was around 11 mm. The blowing slot at the leading edge of the cavity is also shown in Figure 2 .
The computational domain was based on the experimental rig shown in Figure 2 and extended 10D to the upper boundary. The upper boundary, inflow, and outflow were set as pressure far field boundary conditions with Ma = 0:85, static pressure P = 62940 Pa, static temperature T = 270:25 K, and eddy viscosity ratio μ t/μ 0 = 10. Symmetry boundary conditions were applied on the side boundaries, and adiabatic, no-slip wall conditions were applied on the plane of the plate and all the surfaces of devices. The active blowing cases had two blowing rates, 0.0454 kg/s (0.1 lbm/s) and 0.1362 kg/s (0.3 lbm/s), respectively, on the vertical direction. The Reynolds number for all cases was 6:785 × 10 5 .
In order to capture small-scale vortexes, the mesh around the cavity was generated meticulously with about 4.5 million cells for the clean cavity and active blowing cases and 6 million cells for the passive control cases. At the wall, the grid results in y+<2, which is sufficient to resolve the viscosityaffected near wall. The whole computational domain mesh for all cases is shown in Figure 3 .
A Green-Gauss cell-based finite volume scheme was used with second-order implicit time integration and third-order MUSCL spatial discretization. After a steady RANS computation with the S-A model, a time step of 10 -5 seconds with a maximum of 30 iterations per time step was selected for the DDES transient calculations. The simulation was performed for a total of 0.5 seconds with the first 0.3 seconds of data discarded to eliminate any transients leaving 0.2 sec-onds of computational pressure history. The simulation was performed on a cluster with 144 processors, taking 55 days for each case.
Results
Computational sound pressure levels (SPLs) were computed from the last 0.2 seconds of data.
where P ref = 2 × 10 −5 Pa is the minimum audible pressure variation. Overall sound pressure level (OASPL) was calculated as follows. OASPL = 10 log 10 10 SPL f 1 /10 + 10 SPL f 2 /10 +⋯+10 SPL f n /10 À Á :
4.1. Passive Control. Figure 4 shows the overall SPLs from the front to the rear of the clean cavity (CC), cavity with sawtooth spoiler (STS), cavity with flat-top spoiler (FTS), and cavity with crossflow rod (CFR) configurations. The OASPL distribution along the ceiling of the cavity in passive control cases was compared with that of the clean cavity and the experiment results in Figure 4 . The overall sound pressure level of the cavity in the downstream position of the airflow is up to 167 dB, and that in the upstream position is also over 153 dB. The simulation results of the clean cavity are in good agreement with the experiment, which means that the DDES method is proper to investigate the aerodynamic noise on the cavity. It is concluded from the curves that three kinds of external devices arranged in the front edge of the cavity change the sound pressure level inside the cavity greatly. 3 International Journal of Aerospace Engineering crossflow rod reduce the overall sound pressure level of the cavity by as much as 4-9 dB.
The sawtooth spoiler suppresses the sound pressure level in the front of the cavity by 4-6 dB and in the downstream from 166 dB to about 157 dB. The flat-top spoiler also has an obvious effect on noise suppression, but the general noise reduction is slightly lower than that of the sawtooth spoiler. The effect of the crossflow rod is better than that of the other two spoiler devices in the middle part of the cavity with the overall sound pressure level at x/L = 0:45 decreasing from 158 dB to 149 dB. In the downstream, the aeroacoustic environment became harsh, and the sawtooth spoiler performed better than the other two devices. Figure 5 shows the sound pressure level at x/L = 0:05 and x/L = 0:95.
According to the previous research [5, 9, 15] , the sound pressure level in the cavity has four distinct peaks, and the four modes are recognised as tone noise in which the second-order and third-order modes are the dominant modes. First of all, it can be seen from Figure 5 that the three passive control methods obtained by the DDES method can significantly suppress the noise level in the upstream and downstream of the cavity, especially reducing the magnitude of the second-order mode. The sawtooth spoiler and crossflow rod can effectively suppress the sound pressure level in the frequency less than 500 Hz at two positions. The flattop spoiler reduces the magnitude of the third-order mode better than the other two devices, but the magnitude of the fourth-order mode is amplified in x/L = 0:05 and 0.95.
4.2.
Active Control. Figure 6 shows the overall SPLs from the front to the rear of the clean cavity and cavity with steady leading edge blowing at a rate of 0.0454 kg/s and 0.1362 kg/s on normal direction.
The overall sound pressure level shown in Figure 6 is greatly suppressed at all positions, which means that the aeroacoustic environment inside the cavity is significantly improved by the steady leading edge blowing. In the 0.0454 kg/s case, the overall sound pressure level decreased by an average of 25 dB, while in the case of 0.1362 kg/s, the overall sound pressure level was reduced by an average of 30 dB. As can be seen from the figure, the curve of and 0.75. However, the overall sound pressure level at the rear of the cavity is generally higher than that at the front. By the rate of 0.1362 kg/s, the overall sound pressure level distribution presents a V shape with the minimum value at x/L = 0:25. Compared with the clean cavity, the positon of the minimum value of OASPL along the cavity slightly moves backward. In general, the steady leading edge blowing as an active control method has a remarkable effect on the suppression of overall sound pressure level inside the cavity. Figure 7 shows the sound pressure level at x/L = 0:05 and x/L = 0:95.
It can be seen from Figure 7 that the sound pressure level for active cases still has several peaks which are tone noises. The two dominant modes in the clean cavity apparently exist in the case of 0.0454 kg/s. The dominant mode in the case of 0.1362 kg/s shifts to the high frequency band, where it used to be the fourth mode for the clean cavity. Overall, the sound pressure levels from low frequency to high frequency are all significantly suppressed at both x/L = 0:05 and x/L = 0:95 including every resonance mode. The amplitude of tone noises in the case of 0.0454 kg/s is about 13 dB smaller than that of the clean cavity. The amplitude of the dominant mode in the case of 0.1362 kg/s is reduced by 10 dB compared with that of the fourth mode in the clean cavity, and the occurrence frequency is delayed by about 100 Hz. In addition to the tone noise, the sound pressure levels at all other frequencies are effectively reduced by more than 20 dB.
Comparison of Control Methods.
According to the analysis of the results, it is obvious that the aerodynamic noise environment in the downstream of the cavity is worse than that in the front. The frequency and amplitude of the resonant mode at a position of x/L = 0:95 are summarized in Table 1 for all passive control and active control cases.
As can be seen from Table 1 , the sawtooth spoiler has a good effect on the suppression of the first two modes in the low-frequency band, with the decreasing amplitude more than 10 dB. The third mode and the fourth mode remain the same level compared with the DDES results.
Generally, the first three modes are all suppressed by the flat-top spoiler, and the amplitude of tone noise is reduced by more than 9 dB. But the fourth mode is magnified by 9 dB.
The DDES results of the crossflow rod show that the all four modes of the cavity are effectively suppressed, with the amplitude of the first two modes reduced by 7 dB and the last two modes by 3 dB. Compared with the other two passive control methods, the crossflow rod performs better in general, and the flow control effect is very stable.
The suppression effect under the condition of 0.0454 kg/s leading edge blowing is quite clear in Table 1 , and the amplitude of each mode is effectively reduced. The amplitude of the second and third modes is both reduced by about 15 dB, while the amplitude of the first and fourth modes is reduced by more than 20 dB.
When the blowing rate reaches 0.1362 kg/s, the sound pressure level of the first three modes is tremendously reduced, with a drop of about 30 dB. As the fourth mode becomes the dominant mode, the amplitude reduction is not as large as that of the other three modes, but the amplitude reduction is still more than 10 dB. In general, the active control method of steady leading edge blowing can significantly suppress the sound pressure level within the cavity, especially the amplitude of the resonance mode with the reduction up to 10 dB. As the blowing rate increases from 0.0454 kg/s to 0.1362 kg/s, the sound pressure level inside the cavity is completely suppressed with the amplitude of the four modes reduced by as much as 30 dB.
In order to investigate the mechanism of the noise control methods, the instantaneous velocity profile inside the cavity for all cases at the same moment is shown in Figure 8 .
It can be observed from Figure 8 that the shear layer over the cavity has an oscillation effect. The sawtooth spoiler can shift the free shear layer of the flow away from the cavity; as a result, the incoming flow directly passes over the cavity. The impact of the flow on the back edge of the cavity is International Journal of Aerospace Engineering reduced, so that less energy is involved in the generation and propagation of aerodynamic noise. In addition, the sawtooth spoiler has a strong effect on splitting the flow and generates a large number of small vortexes with lower energy. The flattop spoiler like the sawtooth spoiler can upraise the free shear layer away from the cavity, thus reducing the sound pressure level inside the cavity. The difference is that the scale of vortexes in the shear layer passing over the flat-top spoiler is bigger than that in the sawtooth spoiler. As there is a gap between the crossflow rod and the cavity wall, the shear layer is still close to the cavity like the clean cavity, but the thick-ness of the shear layer increases due to the crossflow rod. As a result, the thickened shear layer enters the cavity and hits the rear wall with the pressure waves generated from the wall becoming weaker. The self-sustaining oscillation effect is suppressed so as to reduce the sound pressure level inside the cavity. The velocity profile of the active control cases shows that steady blowing perpendicular to the direction of the incoming flow has the function of pushing the free shear layer away from the cavity, which makes the incoming flow cross the cavity directly without going into it. As a consequence, a little 
Conclusions
The DDES computations have been conducted for an open-cavity flow using the one-equation S-A model. The open cavity immersed in a free stream at a Mach number of 0.85 has an aspect ratio of 5 : 1 : 1. The passive and active flow control methods were analyzed. The passive control methods contain a leading edge sawtooth spoiler, flat-top spoiler, and crossflow rod. Active control methods include steady leading edge blowing with different jet velocities, 0.0454 kg/s and 0.1362 kg/s, respectively.
The overall sound pressure level inside the cavity is suppressed by all passive control devices; in particular, the amplitude of the second dominant mode is reduced by more than 10 dB. The sawtooth spoiler performs better at a lowfrequency band, while the flat-top spoiler has an obvious effect on the first three-order modes. The crossflow rod can significantly reduce the amplitude of all the four modes, so it has great potential in engineering application on flow noise control. The active noise control method of stable leading edge blowing can significantly suppress the overall sound pressure level on each position inside the cavity with the decrement of up to 20-30 dB. In the case of 0.0454 kg/s, the magnitude of tone noise inside the cavity was reduced by as much as 15 dB. When the blowing velocity turns to 0.1362 kg/s, the sound pressure level inside the cavity is fully suppressed, and the magnitude of tone noises at all positions decreases by 30 dB.
The mechanism of cavity flow control is changing the form of the shear layer over the cavity. The steady leading edge blowing and flat-top spoiler can push the shear layer away from the cavity to avoid the high-speed flow hitting against the rear wall, and the active control methods perform much better because of the external energy injection so that minimal flow can get into the cavity. In addition to upraising the shear layer, the sawtooth spoiler can also split the incoming flow into small vortexes so as to reduce the impact energy on the rear wall. The crossflow rod can thicken the shear layer over the cavity, which slows down the self-sustained oscillation and improves the aeroacoustic environment in the cavity.
